The seven rRNA (rrn) operons in Escherichia coli each have two promoters, p 1 and p 2 (Fig. 1) . The rate of rRNA transcription increases with increasing steady-state growth rate and begins to change within 1 min of an improvement in the nutritional quality of the medium (upshift) (19, 35) . The rrnp 1 promoters are three-to fivefold more active than the p 2 promoters during rapid growth (1, 12, 34) and are responsible for growth rate-dependent regulation of rRNA transcription (13, 24) .
Several factors contribute to the regulation and extremely high activity of the p 1 promoters (11, 25, 32) . In rrnBp 1 , the Ϫ10 and Ϫ35 hexamers (recognized by the sigma subunit of RNA polymerase [RNAP] ) are near consensus. The core promoter (Ϫ40 to ϩ1) is stimulated 30-to 60-fold by an upstream (UP) element (the binding site for the RNAP alpha subunit [ Fig. 1 ]) (7, 15, 47, 49) . Additionally, rrnBp 1 is stimulated by the 11.2-kDa transcription factor FIS (factor for inversion stimulation). FIS binds to three sites, centered at Ϫ71 (site I), Ϫ102 (site II), and Ϫ143 (site III) relative to the transcription start site, and stimulates transcription approximately fivefold in vivo ( Fig. 1) (8, 9, 21, 22, 48) . FIS dimers bind noncooperatively at adjacent sites in rrnBp 1 (8) . FIS bound at site I is sufficient to account for most of the effect of FIS on rrnBp 1 , primarily through direct interactions with the RNAP alpha subunit (8, 9, 22, 39, 48) . Deletion of an A:T base pair at position Ϫ72 (the ⌬72 mutation) (i) eliminates FIS binding at site I and activation in vitro and (ii) reduces promoter activity in strains with a wild-type fis gene but not in fis::kan strains (47, 48) . Because of other regulatory systems acting on rrnp 1 core promoters that can compensate for the loss of activation (18, 27) , transcription from a wild-type rrnBp 1 containing FIS sites is not reduced in a fis::kan strain (48) . The presence of overlapping regulatory systems has made it difficult to determine the extent of the contribution of FIS to rrnp 1 promoter activity at different times and under different growth conditions. FIS is active in many cellular processes in addition to activation of rrnp 1 promoters, although the fis gene is not essential for growth at 37°C (28) . FIS plays a role in Hin-and Ginmediated DNA inversion (28, 33) , Tn5 transposition (52) , oriC-directed DNA replication (16) , transcriptional repression (53) , and activation of transcription of tRNA operons and the proP promoter (14, (40) (41) (42) (43) 54) , as well as rrnp 1 promoters (30, 48) , and in many other systems (17, 20) . Strains deleted for fis show slightly reduced growth rates in rich media and have altered morphology at high temperatures, and some fis strains have a longer lag phase before attaining logarithmic growth upon dilution of stationary-phase cultures (16, 42, 45) . It is not certain which function(s) of FIS is responsible for the pleiotropic effects of fis mutations.
It was proposed that FIS may account for the rapid increase in rrnp 1 transcription during transition from stationary-to exponential-phase growth (41, 48) . In agreement with this proposal, intracellular FIS concentrations vary widely with changing growth phase and rate (3, 43) . FIS is present in very low or undetectable quantities in stationary-phase cells but accumulates to more than 50,000 molecules per cell within two generations of growth after stationary-phase cultures are diluted into fresh rich medium. Production of fis mRNA ceases and cellular levels of FIS decrease sharply as cells enter stationary phase. FIS concentrations are lower in cells grown in poor medium (3, 43) . However, previous studies have not established whether the variation in FIS levels is important to rRNA transcription activation; e.g., it is conceivable that FIS site occupancy is complete at low FIS concentrations and that high FIS levels are required only for other cell functions.
We have examined the relationship between FIS concentration, FIS site occupancy, and FIS-dependent activation of rrnBp 1 at different stages of growth, using a variety of experimental approaches to circumvent the complications described above. We find that FIS increases rrnBp 1 transcription during exponential growth but is not responsible for the increase in rrnBp 1 transcription at the earliest times following dilution of cells from stationary phase. This finding supports a model in which FIS is one of several systems that influence rrn promoter function to different extents depending on nutritional condi-tions and allows efficient production of rRNA during rapid logarithmic growth. The approaches used here should be generally applicable to the study of transcription in other systems where the interpretation of experimental conclusions is complicated by redundancy, pleiotropy, or transiency of expression.
MATERIALS AND METHODS
Plasmids and strains. Bacterial strains and plasmids are listed in Table 1 . The fis::kan767 allele has been described elsewhere (28) . Lysogens carried single copy prophages containing promoter-lacZ constructs in one of two fusion systems (system I or II, as described in reference 47). The plasmid vectors pSL6 and pRLG770 have been described previously (21, 48) . pRLG770 has rrnB T1 and T2 transcription terminators approximately 170 bp downstream of a site for promoter fragment insertion (48) .
In vivo DMS footprinting. The in vivo methylation protection procedure was modified from that of Thompson et al. (51) . Saturated cultures grown for 13 to 24 h were diluted into prewarmed LB containing 100 g of ampicillin per ml at a starting optical density at 600 nm (OD 600 ) of 0.03 to 0.1 and grown at 30°C with aeration (doubling time of ϳ40 min). Aliquots of culture sufficient to yield plasmid DNA for analysis (e.g., ϳ100 ml of culture at an OD 600 of ϳ0.1 to 0.3) were removed at intervals to an Erlenmeyer flask, and dimethyl sulfate (DMS) was added to a final concentration of 0.2 to 0.5% (vol/vol) and swirled for 30 s. (38) , and digested with XhoI to generate a ϳ300-bp fragment. The labeled fragment was isolated from an acrylamide gel and further purified and concentrated by using benzolated naphthylated DEAE-cellulose (23) . Strand cleavage at G residues methylated by DMS was carried out in 100 l of piperidine at 95°C for 30 min, and then piperidine was thoroughly evaporated in a vacuum centrifuge. Samples were resuspended in distilled water and dried before resuspension in gel loading buffer (8 M urea, 0.5ϫ TBE [0.1 M Tris, 0.1 M boric acid, 2.5 mM EDTA], 0.05% xylene cyanol, 0.05% bromophenol blue). Samples containing equivalent amounts of radioactivity were electrophoresed on 8% acrylamide-7 M urea gels containing 0.5ϫ TBE, dried, and autoradiographed. DMS footprints with purified FIS were carried out in vitro as described elsewhere (8) . This procedure precluded analyzing all time points in one experiment. Three experiments were used to cover the range of times indicated in Fig. 3 .
The extent of protection of the FIS sites at each time point was determined by scanning autoradiographs with a Hoefer densitometer. Band intensities of the specific signals for each FIS site (Ϫ67, Ϫ77, and Ϫ78 for site I; Ϫ109 for site II; and Ϫ139 and Ϫ150 for site III) were normalized to a control band (G at position Ϫ58) that was determined previously from in vitro experiments to be unaffected by FIS binding. Positions Ϫ77 and Ϫ78 in site I were quantified together as one signal. Normalized values for band intensities were used to calculate the percent protection at each time point. It was determined that cells that remained in stationary phase for less than about 24 h retained some residual FIS. Therefore, in a few experiments it was necessary to correct for protection at early time points resulting from residual FIS in the inoculum. In the figures, maximal protection is defined as 100% and no protection is defined as 0%, comparable to the signal observed in a strain lacking the fis gene, or in vitro in the absence of FIS, or in cells remaining in stationary phase more than about 24 h. Eighty-five percent protection of signals in site I represents maximal occupancy observed in vivo and is interpreted to reflect complete site occupancy since it is equivalent to the maximal protection of site I observed with saturating amounts of FIS in vitro. The residual cleavage probably reflects partial accessibility of these positions to DMS in the presence of bound protein.
Western blotting. Cultures of RLG911 (fis wild type) and RLG921 (fis:: kan767) grown for 24 h at 30°C were diluted into fresh LB and grown under the same conditions as in the in vivo footprinting experiments. Aliquots of 0.25 to 1 ml of culture were removed at various times, pelleted in a microcentrifuge, resuspended in sample buffer (37), boiled for 5 min, sonicated, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (37), blotted onto nitrocellulose (Bio-Rad), and probed with a polyclonal antibody to FIS (a gift from R. Johnson and C. Ball, University of California at Los Angeles). The FIS-antibody complexes were visualized by enhanced chemiluminescence (ECL kit; Amersham Life Science). No signal was observed from extracts made from RLG921 (data not shown).
In vitro transcription. In vitro transcription was carried out essentially as described previously (48) . Briefly, 25-l reaction mixtures containing 0.2 nM supercoiled plasmid DNA were preincubated for 10 min at 22°C with 0, 45, or 90 nM purified FIS in a mixture containing 10 mM Tris-Cl (pH 8.0), 10 mM MgCl 2 , 150 mM NaCl, 1 mM dithiothreitol, 100 g of bovine serum albumin per ml, 500 M ATP, 100 M CTP and GTP, and 10 M UTP with [␣-32 P]UTP (Dupont NEN) at a specific activity of ca. 30 ci/mmol. Transcription was initiated by addition of purified RNAP (4 nM) and terminated after 15 min at 22°C by addition of 25 l of 7 M urea-10 mM EDTA-1% sodium dodecyl sulfate-2ϫ TBE-0.05% bromophenol blue-0.025% xylene cyanol. Equivalent aliquots of these samples were electrophoresed on 8% acrylamide-7 M urea gels containing 1ϫ TBE for 2 h at 250 V.
Determination of promoter activities in vivo. ␤-Galactosidase activities were determined from promoter-lacZ fusions in lysogens grown in LB with 2 mM isopropylthiogalactopyranoside (IPTG) at 30°C for four generations (to an OD 600 of about 0.4 [36] ). mRNAs produced in vivo from chromosomal rrnBp 1 -lacZ fusions were quantified by primer extension. RLG1350 and RLG1831 were grown for 48 h in morpholinopropanesulfonic acid with 0.4% glucose and 0.8% Casamino Acids and diluted to an OD 600 of 0.1 with LB prewarmed to 30°C, conditions in which cells were completely depleted for FIS and commenced growth with a minimal lag time. Cultures were grown with aeration, 6-ml samples were removed at different times, and RNA was isolated as described previously (31) , except that approximately 5 g of recovery marker RNA was added to each sample prior to the first phenol extraction. Recovery marker RNA was prepared from cells carrying an rrnBp 1 -lacZ fusion in the same cloning system as the test promoter but with a different promoter fragment endpoint (ϩ50 instead of ϩ1), resulting in a primer extension product of different length than that from the test promoter. Approximately 15 g of RNA (including recovery marker) was mixed with 0.5 pmol of a 21-nucleotide ␥-32 P-end-labeled primer (sequence 5ЈTGGT GTTCGTCCCGGCTGTAA3Ј) and Sequenase reaction buffer (U.S. Biochemical). Following annealing, extension was performed at 45°C as described previously (31) . After electrophoresis (10), bands were visualized and quantified with a PhosphorImager (Molecular Dynamics). Extension products were corrected for differences in culture density by normalization to OD 600 at the time of sampling and for differences in RNA recovery, primer annealing, primer extension, and gel loading by normalization to the recovery marker.
Measurement of RNA half-lives. Half-lives of the RNAs used in the quantitative primer extension experiments were determined after 5 and 60 min of growth in LB. Rifampin was added to aliquots of RLG1829 to a final concentration of 200 g/ml, samples were removed for RNA extraction every 60 s, and RNAs were extracted, processed, and analyzed by primer extension as described above.
RESULTS
High levels of FIS are required for complete occupancy of rrnBp 1 FIS sites in vivo. Intracellular levels of FIS vary widely with growth rate and growth phase. However, since FIS has so many cellular roles, it was possible that the variation in FIS levels was not related to its role in rRNA transcription. Therefore, we compared occupancy of the three rrnBp 1 FIS binding sites with the intracellular concentration of FIS. Occupancy was assayed on plasmid-borne rrnBp 1 throughout a growth cycle in rich medium by in vivo footprinting with DMS. Certain G residues in a protein binding site may be protected against methylation or show enhanced methylation when the protein is bound (29) . We previously identified G residues protected by FIS in each of the three rrnBp 1 binding sites, using DMS footprinting in vitro (8) . These included top-strand positions Ϫ67, Ϫ77, and Ϫ78 in site I, Ϫ109 in site II, and Ϫ139 and Ϫ150 in site III ( Fig. 1B; Fig. 2, lanes 3) . The same G residues were protected in vivo during logarithmic growth (Fig. 2, lanes  4) but not in stationary-phase cells, where FIS is not detectable (3) (Fig. 3B) , or in fis::kan cells (Fig. 2A, lanes 5 and 6) . To further confirm that the in vivo protection signals reflected FIS binding, in vivo footprinting was carried out with rrnBp 1 containing a mutation (⌬72) that abolishes FIS binding to site I in vitro (48) . As expected, site I in the mutant construct was not protected under conditions where sites II and III were occupied by FIS (Fig. 2A, lane 7) .
The DMS footprinting assay was used to determine the degree of FIS site occupancy in vivo at various times after dilution of stationary-phase cells into fresh medium (Fig. 2B , lanes 4 to 7, and data not shown; Fig. 3A) . Occupancy of site I, as determined by protection of positions Ϫ67, Ϫ77, and Ϫ78, was 20% at 0.25 h after dilution, was at its maximal observed level (100% occupancy) at 1.5 to 1.6 h, and remained above 80% of maximum during mid-exponential growth phase, up to 3.5 h. Occupancy declined to Ͻ60% of maximum after 4.5 h as cells approached stationary phase. Complete loss of protection by FIS was observed only after cells had been in culture for at least 24 h. Occupancy of FIS sites II and III followed a similar pattern, although protection of FIS site II was slightly less complete (data not shown). The length of time during which high levels of protection were observed depended on the density of the starting culture and thus on the time the cells remained in exponential phase growth before the transition to stationary phase began (data not shown and reference 1). We also observed differences in the extent of methylation of two G residues in the core promoter (Ϫ8G and Ϫ34G) between stationary-phase and logarithmic growth (data not shown). These are positions where methylation by DMS is affected by bound RNAP in vitro (38) . No evidence was found for interactions of other proteins with rrnBp 1 .
To determine whether the level of FIS site occupancy correlated temporally with FIS concentration, we performed Western blotting on extracts made from a culture grown under conditions similar to those used in the in vivo footprinting assays ( Fig. 3B and C) . FIS was barely detectable in stationaryphase cells. The concentration of FIS increased to 10% of its highest level within 0.5 h of dilution, was at its highest levels at 1.5 to 3 h, and then declined to 10% of its maximum level by 6 h, consistent with previous reports (3, 43) . The maximum FIS site occupancy correlated with the highest concentration of FIS observed, and occupancy was partial at intermediate concentrations of FIS. However, the resolution of these experiments was insufficient to determine whether maximal FIS site occupancy requires maximal, rather than slightly lower, levels of FIS. We conclude that occupancy of the rrnBp 1 FIS sites in vivo correlates qualitatively with cellular FIS concentration and is complete only at very high concentrations of FIS.
High cellular levels of FIS are required for maximal transcription activation. Since close to maximal occupancy of the FIS sites in the rrnBp 1 promoter in vivo correlated with high concentrations of FIS, we predicted that maximal activation of rRNA transcription would also correlate with high concentrations of FIS. To determine the extent of FIS-dependent activation of transcription at different stages of growth, we used inducible hybrid promoters in which either a wild-type (rrnBlac) or a ⌬72 mutant (rrnB-⌬72-lac) rrnBp 1 FIS site I was fused to the lac core promoter (Fig. 4A and reference 47) . We used constructs with only FIS site I, since this FIS site is sufficient for a majority of activation, occupancy of sites II and III parallels that of site I, and use of site I allowed comparison with a non-FIS binding construct differing by only 1 bp. The position of the FIS site relative to the Ϫ35 consensus hexamer is the same in these promoters as in rrnBp 1 , but the lac core promoter region is not subject to the growth rate-dependent and stringent control systems that regulate the rrnBp 1 core promoter (5, 31). The hybrid promoters are regulated by lac repressor binding to the lac operator site, allowing induction by IPTG and estimation of synthesis rates during a brief 15-min period of induction. The level of activation by FIS is calculated as the ratio of activities of the wild-type and ⌬72 promoters.
We first confirmed that FIS activates the rrnB-lac hybrid promoter similarly to the rrnBp 1 promoter by measuring accumulated ␤-galactosidase activities from wild-type and mutant promoters after several generations of growth under inducing conditions (2 mM IPTG). The activity of the hybrid promoter with the wild-type FIS site was five-to sixfold higher than the activity of the promoter with the mutant FIS site (3,101 versus 559 U [ Fig. 4A]) , a difference comparable to that seen with rrnBp 1 constructs containing only FIS site I (8, 48) . FIS-dependent activation of the hybrid promoter constructs was also observed in vitro with purified FIS protein (Fig. 4B) , confirming that the hybrid promoter is activated directly by FIS. The wild-type and ⌬72 mutant hybrid promoters had similar activities in a fis::kan strain (680 versus 510 U [ Fig. 4A ]), and these activities were comparable to the activity of the ⌬72 promoter in the wild-type strain, indicating that the difference in activity seen in the wild-type strain is due to FIS. These results contrast with experiments with the rrnBp 1 promoter, where compensating regulatory mechanisms acting on the core promoter increased promoter activity in a fis::kan strain (48) .
Synthesis of ␤-galactosidase from mutant and wild-type hybrid promoter-lacZ fusions during 15-min pulses of induction with 2 mM IPTG was determined at different times during the growth of a culture (Fig. 5) . No activation was detected in the first 15 min of growth for cultures grown in LB (Fig. 5A ), but activation was observed after 45 min and was at its maximal level of five-to sixfold approximately 1.5 to 3 h after dilution. Activation declined as cells approached stationary phase. Thus, activation by FIS followed the time course of site I occupancy observed in DMS footprints (Fig. 3A) and correlated with increased FIS concentrations observed in Western blots ( Fig. 3B and C) .
We wished to determine whether activation of transcription by FIS was limited to a fixed time interval after dilution into fresh medium, or whether activation by FIS could be main- (⌬72; RLG912) . The positions of G residues protected against DMS methylation by FIS in rrnB promoter sites I (Ϫ67, Ϫ77, and Ϫ78), II (Ϫ109), or III (Ϫ139, Ϫ150) are indicated. The degree of protection of particular positions is most easily evaluated by comparison to a reference band within the same lane (e.g., position Ϫ58, which is not protected by either FIS [8] or RNAP [38] ). (B) Protection of FIS site residues in DMS footprints at different time points in a growth cycle. Plasmid DNA containing the wild-type rrnBp 1 was modified in a wild-type (RLG911) strain at the indicated time point (100, 180, 220, or 280 min after dilution of a stationary-phase culture into fresh LB). Lanes 1 to 3, same as lanes 1 to 3 in panel A; lanes 4 to 7, in vivo footprints at the indicated times.
tained as long as cells remained in logarithmic growth. We used the hybrid promoters to measure activation of transcription by FIS in rapidly growing cultures maintained at a low density by repeated dilution with fresh prewarmed LB. Activation by FIS was maintained at a high level as long as cells were in logarithmic growth at low culture density; activation was not limited to a short, defined period of time following dilution (Fig. 5B) . When the culture was allowed to increase without further dilution, the level of activation by FIS began to decline about one generation before cell growth slowed.
Activation of transcription by FIS was also measured in media supporting lower growth rates (Fig. 5C and D) . The maximal extent of activation was lower in these media, corresponding with the reduced concentrations of FIS in cells grown in defined rather than in complex media (3, 43) . Activation by FIS was observed only in logarithmic growth and was three-to fourfold in a defined medium (1.6 doublings/h), compared to five-to sixfold in LB (2.3 doublings/h). No activation was detected in a medium supporting a growth rate of 0.6 doublings/h. We conclude that the high levels of FIS observed during logarithmic growth in rich medium are necessary for maximal FIS-dependent activation of transcription.
rRNA synthesis and growth increase before FIS-dependent activation. We and others have suggested previously that FIS may be important for the rapid increase in rRNA transcription upon outgrowth from stationary phase (17, 41, 42, 45, 48) . In the experiments with hybrid promoters described above, FIS did not contribute measurably to promoter activity during the first 15 min of growth, and activation of transcription by FIS did not reach maximal levels until more than an hour after dilution into rich medium (Fig. 5A) . However, the 15-min pulse times in these experiments were too long to provide an accurate estimate of the kinetics of this response. To directly and more precisely measure the contribution of FIS to the increase in rrnBp 1 promoter activity during the first hour following dilution of the culture, we used quantitative primer extension (31) to measure the synthesis of an unstable mRNA expressed from the rrnBp 1 promoter (as opposed to the hybrid promoter).
We constructed rrnBp 1 promoter-lacZ fusions containing either the wild-type or the ⌬72 mutant FIS site I. These promoters made identical mRNAs with a half-life that did not vary in a growth phase-dependent manner over the time course of the experiment (approximately 60 s when measured either 5 or 60 min after dilution of cells into fresh medium [see Materials and Methods; data not shown]). This short half-life allowed estimation of the rate of RNA synthesis by measuring the amount of RNA present. A recovery marker RNA was introduced during the RNA extraction process to correct for variable recoveries and for variable efficiency of primer annealing or extension. The marker RNA annealed to the same primer as was used for extension of the transcripts from the rrnBp 1 promoters but yielded an extension product of different length.
Cultures carrying either a wild-type or a ⌬72 mutant rrnBp 1 -lacZ fusion were sampled at 5, 10, 15, 25, 35, 45 , and 60 min following dilution of stationary-phase cells into fresh LB. After RNA extraction, primer extension and gel electrophoretic separation (Fig. 6A) , the products were quantified by phosphorimaging and normalized to the recovery marker in the same sample (Fig. 6B) . A large increase in RNA synthesis rate was observed for both the wild-type and mutant promoters during the first 20 min after dilution. This increase was the same for both promoters, indicating that a mechanism other than activation by FIS was responsible. A statistically significant difference in the activities of the two promoters was observed approximately 25 min following dilution, indicating the onset of activation by FIS. At 60 min, the wild-type promoter was approximately twofold more active than the non-FIS-activated ⌬72 mutant promoter. Maximal FIS-dependent activation of rrnBp 1 was achieved at a later time (data not shown), consistent with the kinetics of activation of the rrn-lac hybrid promoter (compare Fig. 5A and 6B) . Thus, FIS contributed to rRNA transcription during exponential growth, but only after other system(s) had increased the rRNA synthesis rate following the upshift. The timing of this activation is consistent with the kinetics of occupancy of rrnBp 1 FIS site I (Fig. 2) , FIS concentration (Fig. 3) , and activation of the hybrid promoter (Fig. 5) .
DISCUSSION
We investigated FIS binding to the rrnBp 1 FIS sites and the contribution of FIS to rRNA synthesis during different phases of growth. The multiple regulatory systems acting on the rrnBp 1 promoter and the pleiotropy of fis mutations required novel techniques to study the contribution of FIS to rrnp 1 transcription without interference from other systems. By comparing activities of promoters with wild-type and mutant FIS binding sites, we were able to avoid the complications of working with strains with altered growth phenotypes caused by fis . In panel B, the cultures were kept at low density for several hours by dilution with prewarmed LB medium at 30-min intervals. Fold activation by FIS is the ratio of the ␤-galactosidase activities of strains RLG1816 and RLG1817 (Table 1) carrying the FIS-activated rrnB-lac and the non-FIS-activated rrnB-⌬72-lac promoter-lacZ fusions, respectively. Activity was measured after 15 min of induction by IPTG at various times after dilution of cells from stationary phase into fresh medium. Points on the graphs correspond to the end of the 15-min induction period. Peak levels of activation varied less than 15% in different experiments. Strains were isogenic and grew identically within the experiments illustrated in each panel; only one growth curve is presented for the sake of clarity. The growth rates (; doublings/hour) for both strains in each medium are indicated.
FIG. 6. FIS-dependent activation of rrnBp 1 during outgrowth from stationary phase. (A) Primer extension products from wild-type and ⌬72 mutant rrnBp 1 promoters (from RLG1350 and RLG1831, respectively) were measured at the indicated times during the first 60 min following dilution of cells from stationary phase into fresh LB. Equal volumes of culture were used for all time points, and the data were subsequently normalized for culture density (B). Primer extension products from rrnBp 1 promoters, extending to ϩ1, and recovery marker products (from RLG1829 cells containing an rrnBp 1 promoter, extending to ϩ50) are indicated. (B) Activities of wild-type and ⌬72 rrnBp 1 promoters, normalized for recovery and increasing culture density (arbitrary units). Results from four experiments similar to that shown in panel A were quantified and averaged. Error bars represent standard deviations. The growth curve (OD 600 ) is shown from one strain in one experiment for clarity, but the growth curves from both strains in all four experiments were very similar.
mutations. By using a hybrid promoter activated by FIS, we were able to monitor effects of FIS independently of regulatory systems acting on the rrnBp 1 core promoter. Similar approaches should be applicable to the study of other systems involving pleiotropic activators or promoters subject to multiple regulatory inputs.
We observed that FIS was present at very low levels in stationary-phase cells, increased dramatically after the cells were diluted into fresh media, and was at its maximal concentration by 1.5 h after the start of growth, consistent with previous reports (3, 43) . Maximal occupancy of rrnBp 1 FIS site I in vivo, determined by footprinting with DMS, and maximal activation of transcription by FIS, determined by analysis of the hybrid promoter and by primer extension, correlated with high cellular FIS levels. The duration of the period of maximal activation varied as a function of the initial density of the batch culture and thus with the number of generations of logarithmic growth before the onset of stationary phase. Activation by FIS was not limited to a brief time interval following upshift as has been implied in previous studies but rather persisted until the culture was about one doubling from entering stationary phase (Fig. 5) . The mechanism regulating fis to produce such a pattern of expression is not yet understood. Transcription of fis is known to be affected, either directly or indirectly, by FIS itself, integration host factor and ppGpp. However, these factors appear to affect the level, but not the timing, of FIS expression (3, (44) (45) (46) .
It was previously suggested that FIS may be responsible for mediating the initial increase in rRNA synthesis upon dilution of stationary-phase cells into fresh medium (41, 43, 48) . However, we observed a large increase in transcription from both the wild-type and FIS site I mutant rrnBp 1 promoters immediately following dilution. Activation of the wild-type rrnBp 1 by FIS was not detected until the cells had achieved their new growth rate, about 20 min following dilution. The rapid increase in transcription from rrnp 1 promoters is consistent with previous observations that rRNA production increases too rapidly to result from de novo protein synthesis (19, 35) . The thrU (tufB) promoter is also activated by FIS, and its transcription also increases upon upshift independently of fis (43) . We suspect that this FIS-independent mechanism is likely to be general to many stable RNA promoters.
The rapid FIS-independent increase in rrnp 1 transcription may be attributable to one or more of several regulatory systems that affect rrn expression. rrnp 1 transcription is sensitive to the level of the initiating nucleotide (ATP in six rrnp 1 promoters and GTP in the seventh). This mechanism contributes to growth rate-dependent regulation of rRNA synthesis (4, 18) and could potentially affect rRNA production upon dilution of stationary-phase cells. However, previous reports suggest that purine nucleoside triphosphate (NTP) concentrations do not increase immediately after upshift (6) . The rapid decrease in ppGpp concentration upon upshift (26) may be a more likely contributor to the initial increase in rrnp 1 activity following dilution.
The rapid increase in total rRNA production previously reported upon upshift (19) most likely reflects an increase in transcription from both rrnp 1 and rrnp 2 promoters. Transcripts from rrnp 2 promoters increase more rapidly than transcripts from rrnp 1 promoters during the first few minutes of upshift (1, 50) . The rrnp 2 promoters may therefore contribute substantially to the rapid increase in rRNA synthesis during outgrowth. Thus, changes in NTP and/or ppGpp levels (4, 18, 26) and transcription from the rrnp 2 promoters could explain the increase in rRNA synthesis during upshift, and these mechanisms could also account for the nearly normal growth and rRNA transcription in strains with fis null mutations.
FIS is an important contributor to the activity of the rrnp 1 promoters during logarithmic growth at low densities, acting in conjunction with other mechanisms to ensure production of sufficient rRNA for rapid growth. While having redundant mechanisms for rRNA transcriptional control would be a reasonable strategy for such an important biosynthetic pathway, the different systems may not overlap completely. Understanding the relative contributions of the FIS-dependent, NTP-dependent, and ppGpp-dependent mechanisms to rrnp 1 activity, and the relationship between transcription of the p 1 and p 2 promoters, presents a challenge for the future and will provide a perspective on the interplay of control mechanisms in systems with multiple overlapping regulators.
